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I. INTRODUCTION

An accuraile description of the molecular and particulate content
of the earth's aimosphere and their diurnal, seasonal and altitude
variation is necessary in order to derive an ailmospheric model. Directl
measuremenis may be made up to about 30 km by balloon-berne insiruments,
and above 150 km satellile experiments provide useful data. The region
30-~150 km, however, remains accessible only to indirect measurements or
rocket probes,.

Indirect light scattering methods have necessarily dominated
investigations of this regiecn. ‘lhe searchlighl probe technique was
first attempted by Synge(l) in 1930, and a number of subsequent search-

-9
light investigations of the ailmosphere have been carried c»ut.(2 ) Volz

1
and Goody( 0> have carried cul extlensive investigations of the particulate

content of the atmosphere by measurement of twilight scattering. Newkirk

and Eddy(ll) have made skylighl measurements up Lo 25 km using a balloon-

borne coronagraph, and {rom lhese measuremenis have calculatied 1he particle
size and vertical disiributlion of siratosplieric aerosols. Direcl neasure-
" - . ; . (12)
menl of slratospheric aerosols has been made by Junge and Manson.
The development of the giant pulse laser prevides a monochromatic
light source of very high intensiiy which may be used in an optical radar
system to investigate the molecular and particulate content of the atmosphere.

(13

Using this technique, Fiocco and Smullin have repofted optical echoes

from heights up to abcut 140 km, which have tentatively been interpreted in
(14)

iterms of meteoric f{ragmentiation. Fiocco and Grams have reported ob-

serving an aercsol layer at approximately 20 km. Observations of the



stratospheric aerosol have also been made by Collis and Ligda(15) and

Collis, Fernald and Ligda.(le)

The present report will discuss several aspects of optical radar
investigations of the atmosphere currently under wa; at The College of
Wiliiam and Mary. Theoretical considerations will be presented which
allow estimates of the optical radar returns from various altitudes,
and these will be used 1o discuss signal-to-noise ratios and to opti-
mize various system parameters. Following this, the experimental equip-

ment will be described, and finally some sample data will be presented

and discussed.



11. THEORETICAL CONSIDERATIONS

The,atmosphere will be considered a mixture of aerosols describable by'
Mie Theory, and molecules describable by Rayleigh Theory. If an electro-
magnetlic flux F is incident on a volume AV, the power scaltered into a

deteclor which sublends a solid angle (} is given by

=F q(op + 7, ) AV Q, : L

Pdetector Mie

where o, + ©, is the scattering cross-section per unit volume, assumed

R Mie

1o include both Rayleigh scattier (ch) and Mie scattler (g ). q is the

Mie

attenuatlion of the signal (lolal extinction) in propagating from the scatterer

io the detector. 1In general the cross-sections ¢, and o, depend on the

R Mie
angle between the incident propagation direction and the scattered prop-

agaiion direction, and on the polarization state of the incident radiation.

The scattering volume is given by

v =7 (st)z AL, (2)
where

z = height of scattering volume

5T = beam divergence angle of laser

AL = pulse length (determined by half-power points).

The solid angle subtlended by the deteclor is

r
0= 3

where Ar is the area of tihe receiver,.

The incident flux is given by



F=gq P s (4)

T 2
a (Z&T)
where P is the average power delivered by the laser.

Substituting equations (2), (3), and (4) into equation (1), we obtain

~ 2
_ P AL gA
Piet = ————5———£ (op + Fyye)- (5
z

1Ia. Rayleigh Scattering

The absolute Rayleigh cross-section for backscatiter is

4 2
op Tk « N(z) £, (6)
where
2T .
k = — = wave number of incident radiation
A
o = polarizability
N(z) = number density,
and
g -3 €2+ A)
T 6 - 7A !

where A is the depolarization factor. For ailmospheric air G.

17

de Vaucouleurs has found
A~ 0,031,

Thus
f = 1.,054.

The polarizability of sea level air for incident radiation in the
visible is given as
@=1.73 x 1039,
This value may be assumed valid at all altitudes of interest in tae prasent
work.

Therefore

oy = 2.087 x 10732 N(2)

Then the power incident on the detector due to Rayleigh



scattering is

= 2
=32 P AL q Ar N(z}
’

PR det = 2.087 x 10 (7
2
z
where
AL = EI R
2
since the light will be received simullancously from =t , i.e., only
2

half the scattering volume contributes to ithe insiantaneous backscatter,

7 is the pulse width measured at half power points.

2
For the 60-inch diameter mirror (Ar = 1.823 m ), optical efficlency

0.5, used in our sysiem we obtain

=24 = 2
= 2.80 N .
PR det 851 x 10 Ptg N(2z)

2
z

Assuming the laser energy output is 1 joule

P = 1 joule/rT.

Then 2
p = 2.851 x 10724 4 N(2)

R det 2 ‘
z

This gives the power incident on the deteclor. The photomultiplier used
is an RCA 7265 whose cathode radiant sensitivity at 6943 R is 0,014 amp/watt,
The gain is given as 9.35 x 106. Assuming an optical efficiency of 0.7

for the filters, ihe delecled anode currenti is

= 2.612 x 10 1° g2 N(z)
o
Z

'R det (8)

Using the values of number density from the U. S, Standard Atmosphere

1962 and the exiinction values from L. Eltermansls)

for 0.74, the photo-
current for various heightis due to molecular scattering has been computed

and is listed in Table 1I.



Table I

2

z(km) N(m™3) ' i;(m's) 92 9;% (m~2) 1o 4eil@mPEres) V = 1,500
5 1.53 x 102° 6.12 x 107 0.687 4.20 x 10" 1.10 x 10t 5.50 v
10 8.60 x 1024 8.60 x 10%° 0.669 5.75 x 10° 1.50 x 1072 0.750 v
15 4.05 x 10%% 1.80 x 10%° 0.664 1.20 x 10'° 3.13 x 1072 0.157 v
20 1.85 x 10°* 4.63 x 10'° 0.658 3.05 x 10'° 7.96 x 103 39.8 mv
25 8.34 x 10°2 1.33 x 10%° 0.655 8.71 x 10'* 2.27 x 1072 11.4 mv
30 3.83 x 102 4.26 x 10'* 0.651 2.77 x 10'* 7.23 x 107> 3.62 mv
35 1.76 x 10°° 1.44 x 10 0.650 9.36 x 103 2.44 x 1070 1.22 mv
40 8.31 x 1022 5.19 x 103 0.648 3.36 x 1012 8.77 x 10°° 0.439 mv
45 4.09 x 1022 2.02 x 10°° 0.648 1.31 x 103 3.42 x 107° 0.171 mv

: ; )
50 2.14 x 1022 8.56 x 1012 0.648 5.55 x 10~2 1.45 x 10 6 0.0725 mv



Ilb. Scattering by Large Parlicles

Any investigation of the scattering propertiies of the atmosphere
must take intlo cons;deraiion ithe contribution of large particles. Assuming
that the particulate matter pfesent in ithe atmosphere may be considered a
ccllection of spherical particles of index of refraction 7], the absolute

cross~section for back scatter is given by
1

%umie T T2

T1i (o N 180%) N
k r

ria CFDY,
Mie (9)

where
1 (@, T, 180%) = the Mie intensity function for 180°,
scattering

NMie (r) = the number density of particles of radius r,

and

2mr .
o = —— = particle size parameter.

It can be seen that, even under ihe assumpiion that the particles are
spherical, i1he scattering propertiies of each partiicle musti be known in

order 1o determine Mie® 1t should be noted that atmospheric particles

are of finitle size; in consequence, asymploilic approximations of the
intensity functions do not provide sufficient accuracy.

The size distribution function of stratospheric aerosols has been

2
measured directly by Junge and his col‘laborators.(1 ) The Junge law for

stratospheric aercsols is given by

dn (r) -V

T = Ccr

a_iog r

d n (r)
dr

(10)

where is the particle concentration and ¢ is a parameter dependent
on the total number of pariicles,

The cross-section for backscatter then becomes



i (g, T, 180°) d n (r).

The intensity functiions for TN = 1.5, which represents an average
value for siratospheric aerosols, have been calculated by a number of

(19) has tabulated these functions

investigators., For example, R. Giese
for N= 1.5 and size parametlers given by 0.2 (0.1) 159,

A Foriran 11 computer program has been written to coempute the intensity
functions for arbitrary index and scattering angle in corder to fit our
data 1o a number of atmospheric models., 7The intensity functions for
M= 1.5 and size parameters .05 (.01) 2, and 2 (.1) 50 {or backscattier
are given in the Appendix. As computer time becomes available these

computations will be extended io larger values of (.

The complete integral

r

I 2 21

r 1+ i2 dn (r),
r 2 2
1 ¥

(20)

has been tabulated by Bullrich for a number of parameters represeniative
of the atmospheric aerosonl distribution. Also of inlerest is the size

. . . . (21)
distribution function proposed by Deirmendjian to describe the aerosol
size distribution of natural water clouds and atilmospheric haze. 71his
funclien has been successfully used by a number of investigatlors 1e fit
atmospheric aeroscl scatiering measurementis. Compuler programs are
currently being developed teo evaluatle these inlegrals fer various distribu-
tion funclions using 1he exact Mie Theory for i.

A number of experimental determinations of the parameters contained
in the size distiribution function has been made using light scattiering

(22)

techkniques. Penndorf has examined the vertlical distribution of larpge

particles in the troposphere. Ile concludes that ithe number of Mie particles




decrease exponentially up to 4 or 5 km and above that altitude the

number density remains constani. The size distribultion was observed by

Junge and his collaborators(12> to remain invariant up to about 25 km;

the number density showed a broad maximum between 15 and 23 km with

(11)

litile seasonal varjation. Newkirk and Eddy using a balloon~borne

coronagraph have measured the aerosnl concentiration to about 25 km., Their
measuremenls indicate a change in particle size distribulion with an
apparent concentratltion of the smaller Mie particles in a layer at an

altitude of about 20 km. The existence of this "dust" layer has been

demonstirated by the direct measurementis of Junge and his c011aborators(12),

by the twilighti studies of Volz and Goody(lo) and by the rockel measurements

of Rossler and Vassy.(zs) Initially, we shall perform calculations using

some of these data as summarized in the A, F. C. R. L. "Clear Standard

Almosphere'" of Eltermansls)

The optical radar method, used by Fiocco and his collaborators(ls),
shows promise as a technique for studying scattering layers in the
mesosphere and lower thermosphere. The existence of an aerosol layer

. (24) .
al about 80 km has long been suspected. Mikirov has estimated the
extinction due 1o large particles in this region 1o be about five times
the Rayleigh value. 17This layer has been observed by Flocco and his

b
collaboraiors(ls’. Other experimenters (25), (26)

have attempted to

observe ithe 80 km dust layer but echoes as inlense as lhose observed by
Fiocco have not been detected. Noctilucent clouds also occur in the

region 80-80 km and measurements of their altitude and drift are fundamental
to understanding atmospheric dynamical processes, 1In addition, Fioccce and

- 27)

Colombo have found evidence of a scatiering layer in the region

110-140 km which they have tentatively interpreted in terms of meteoric

fragmentation.



The problem of interpreiation of optical radar data has been
reviewed by Deirmendjian(zs). Among many processes which can produce -
enhancemen!t of the return signal are: changes in size distribution and
particle concentration, changes in_index of refraclion associated with
photochemical processes, and turbulence. It is of course impossible to
separate these processes by measurements al one wavelength; and for this
reason measurements at harmonic wavelengths of ruby and neodymium are
planned. It should be noted, however, i1hat harmonic generation is a
relatively inefficient process; consequently, measurements of dust at
very high altitudes will be difficult. Furthermore, since only three
wavelengths will be available, it will be possible 1o determine ontlty
three parameters at any given height. It therefore seems desirable to
attempt to fit a model with two parameters as a function of height; if
the results are nol consistent, the model can be rejected.

Initially a Junge distribution will be tried, varying the parameters
so that exinction coefficienis in agreement with the A, F, C. R, I.. "Clear
Standard Atmosphere" can be obtained; the resulting model will be used to

calculate Mie scattering return which can be compared with experiment.

10



111. NOISE CONSIDERATICNS

Noise in the system originates from the signal, background, photo-
multiplier, and load resistor. This includes shot noise associated with

signal, background, and photomultiplier dark current given by

ity = u (2eiAf)% = uf2e () + ig + 1B)Af]§, (12)
where iD = dark current of the photomultiplier at the photocathode
iS = signal current at the photocathode
iB = background current at the photocathode

W = gain of the photomultiplier

e = electron charge

Af = passband of the measuring instrument
[The randomness of the secondary emission al the dynodes adds addi-
tional noise equivalent to muliiplying equation (12) by a factor of
1.2 (29)]and ihe Johnson (thermal) noise associated with the load

resistor,given by

1
i = (4KTRA)® (13)
IN T S

where k = Boltzman's constant

T

absolute temperature

R value of the load resistor.

The thermal noise contribution is negligible compared to shot noise
as can be seen by comparing Equation (12) and Equation (13). Any signal
currenl greaier than 10_18 amperes (6 electrons/sec) makes the shot noise

greater than the Johnson noise for a load resistor of 100 Q.

11



lgnoring the Johnson noise and the randomness of the secondary emission,

the signal-to-noise ratio is given by

i i
S S

Sy TuTT = : (14)
N

N [2eAf(i_+i_+i )]%
sT'B"D

S, can be increased by increasing i decreasing Af, or decreasing

N
(iB + iD). The system may be optimized by the correct choice of these

Sl

parameters. Solving Equation (14) for is,
_ 2 2_ 4 2. . .43
ig = (eAf)SN + [(epf) Syt 2(eAf)SN (1B+1D)] . (15)

1
We shall accept S = (10)? as a minimum SN for signal detection. A plot

N
of i_ versus Af for S_ = (10)% and (i_+1) = o0, 10" 14
S A N T ' : ) A

-11
, and 10 1 amperes
is given in Figure 1. These values represent the extreme cases of no

dark current or background, maximum dark current and no background, and

maximum dark current and maximum background. The minimum resolution

i; corresponding to each bandwidth is given on the top margin, and
the maximum height corresponding to the calculated current expected for
Rayleigh scaltering is given on the right margin. Several important
conclusions can be made by examining these curves,.

(1) For Af > 108 cps, the limiting factor is the shol noise produced
by the signal. Reducing the background and dark current to zero will not
allow a smaller signal to be detected.

(2) Decreasing the bandwidih to 1.05 cps and reducing the background
level below that of the dark current will allow heights of up to 45 km
to be investigated. Lowering the dark current will not allow a smaller
signal to be detlected.

(3) Lowering the bandwidih below 104 cps would destroy the height
resolution of the system.

To compute the sky background noise, the average sky background power

PB incident on the receiver musi be calculated:

12
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Pp= QA 93 AR, (16)

2 .
where R) is the background radiance in wattis/m /steradian/ﬁ; 3 is the solid
angle of the receiver in steradians; A\ is the passband of the filier and
S-20 photocathode response; qP is the efficiency of the receiving optics,

{9

and-AR is the receiver area in m2. R, is given by Ketay(30) for the day

X

sky to be 2 x 10-3 watts/mz/steradian/ﬁ for the 7000 R region, Pavlova(sl)
gives a value of 2 x 10—g watt/mzlsteradian/x for the nighttime air glow
in the region of 7000 R. These values agree wilh the eleclrometer measure-
menls of the background radiation incident on our system,

As secen in Equation (16), this background power may be minimized
by limiting lhe receiver's field of view to that of the transmitter's
field of view and/or reducing the passband of the filter system. A) may be
reduced by using a very narrow band interference filler chosen so that tihe
highest signal-to-noise ratie is achieved. When using such a filter, the
incident light must be rendered parallel to within + 30. The angle of

divergence of the transmitter may be decreased by using a collimator in

front of the laser. 7The angular demagnificatlion is-given by

f

QT =

o]
0 ln

where Ir is 1he focal lenglh of the euntrance lens and fe is the focal
length of the exit lens. The angle of divergence of ihe iransmittier is

given by

where SL is the angular divergence of the laser. Thus shot noise due to the
background can be decreased by decreasing the angular divergence of the
receiver, decreasing A), and increasing the angular demagnification of the

collimator.

14



Another source of background is the fluorescence associated with the
laser transmission. The wavelength of this radiation is the same as the
giant pulse, and therefore, cannot be discriminated against with the use
of filters. The amplitude of the fluorescence is much smaller than the
laser pulse but persists for about 2 milliseconds. Scatltering of this
fluorescence radiation from the lower atmosphere is comparable to the laser
pulse scattering from very high altitudes. TFor ihis reason, a rotating
shutter has been designed and is currenily being assembled 1o eliminate
ithis source of background.

The maximum height which can be investigated increases as the bandwidth
of the receiving sysiem is decreased. The use of an eleclronic bandwidth
much less than 104 cps, however, destroys the heighl resolution of the
system. Thus a different measurement itechnique musti be used if altitudes
much above 50 km are to be investigated.

For measuring the return from high altitudes, it will be necessary to
use a photon counting system. With such a systiem, the number of pulses
produced by the emission of photoelectrons will be counted and stored in a
digital delay line. 1In the nth *channel" will be stored those pulses
occurring during an interval of length £ and at a time tn after the laser

emission; tn being different for each channel. Thus ithe number of counts in

each channel represenis the return from a height interval ph = %% about a
ct
height h = —Eﬂ. The advantage of this system is that the signal-to~noise

ralic can be improved with no loss of resolution by taking the total number
of counts in each channel produced by a number of successive shots.

The number of counts in any time interval obeys a Poisson distribution;
itherefore, the standard deviation is 4Ct where C is ithe mean number of

counts per unit time during the interval and t is the total counling tlime.

15
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k>

Thus ihe signal to fluctuation ratio is

iC
s

S = (17)

—_—
r 2
Lt(CS+CD+CB)]

where Cs’ C and CB are the number of countis per unit time due to'signal,

D’
dark current, and background, respectively, and t is ihe total counting

time. I is seen that § - t%, so that increasing t increases S. 1f the
system is fired N times and the number of counts in one channel are collected
for an interval £ for each shot, then the total couhting time is t = Nf,
whille the resolution is %}. Thus increasing N increases S with no change

in the resolution of the system,

Let us now consider the minimum signal that can be detected with such

a sysiem. Solving for Cs‘ we getl

g2 4t 3

2
I1f we chose S = 10 (in analogy with the discussion given for Equation (15)
and Figure 1), we get the minimum countiing rate which can be detected with a

given counting time.

5 21 3
C, = 7 {1+[1+5(CD+CB)] ] (19)

: 5
A plot of CS vs L for values of (CD+CB) = 0, 0.6 x 10 /sec, and 0.6 x 108/sec

corresponding to values of (i _ +i_ ) = 0, 10 4 amp, and 10-11 amp] is given
B

D
in Figure 2, From this curve, il is possible to determine the approximate
height from which return from molecular scatter can be measured, using the
calculated values of the Rayleigh scattering return signal. Figure 2 shows
that if an ideal system wiith background and dark current equal to zero is
assumed, a counting time of 10_5 sec would allow a counting rate of 106

counts/sec 1o be measured. This corresponds to a return from approximately

49 km. 1f 10 successive shots with j&lo_ssec are taken, then 1:10-4sec and

16
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the maximum height from which return can be measured is approximately 63 km,
while the resolution remains at 1.5 km. Similariy, if 10 shots with jk10-4sec
(15 km resolution) are taken, then return from 77 km can be measured.
Greater altitudes can be reached by taking a larger number of shots,.

It is apparent from the curve that if return from above 50 km is to
be measured, then not only should the background be made as low as possible,
but also that it will be beneficial to reduce the dark current of the P, ).
tube, For example, if t:lo_asec, the reduction of the dark current from
its normal 0.6 x 105 photoelectirons/sec to-less than 103 photoeleclrons/sec
will increase the maximum height by about 7 km, with greater reductions in
height possible for longer counting times. Note, however, thali the back-
ground must be lower than the dark current if the effect is tc be this large.
By cooling the P, M. tube, it is possible to reduce the dark current to the

order of 200 photoelectrons per second, which makes this source of noise

in these experiments negligible.

18



IV. EQUIPMENT

General

The basic experimental arrangement is shown in Figure 3. The laser
pulse is monitored with a set of beam splitters whose axes are separated
by 90o allowing a portion of the beam to fall on a diffuse whiie screen
which lies in the field of view of a photodiode. The beam splitters’
orientation provides polarization insensitivity. The output of the photo-
diode is displayed on a Tektironix 585 oscilloscope and provides a measure
of the laser pulse width. The charge through the photltodiode gives a
number proportional 1o the total number of emittied photons and the total
light energy. This charge is stored in a capacitor and the resulting
voltage measured by an elecirometer giving an energy readout to within bl
10%. 1he focus elecirode of the photomultiplier detector is biased 30 v
negative with respect 1o the cathode thereby defocusing the tube. A mono-
stable multlivibrator (see Figure 4) is triggered by a delayed pulse
synchronous with the emission of the giant laser pulse. The monostable
multivibrator produces a positive gate with a rise time of about 1 y sec
and a variable width and height. T7This gale is applied to the focusing
electrode thereby focusing the detector for a length of Lime determined by
the gate width. The anode of ihe photomultiplier is direct coupled to a
variable gain operational amplifier used 1o 1limit the frequency passband'
of the system. This output is direct coupled to an amplifier wiih loga-
rithmic response over three decades and displayed, simultaneously with the
gating waveform, on a dual beam oscilloscope. Figure 5 shows the trigger-

ing sequence as it evolves in tinme.

19
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Iva. Receiver 3System

The receiver system consists of a sixty inch searchlight mirror
(focal length = 25.54 inches) in a sieerable mount. The pholomultiplier
detector is positioned behind the focal plane on a precision mount with 5
degrees of freedom. An iris is used 1o limit the field of view of the
mirror to a calculated value of about 8 milliradians, In order to 1limit
the night-sky background, a Wrattien No. 70 filter is positioned in front
of the photomultiplier. This filter has a sharp cutoff at 6500 R; and,
when used in conjunction with a photomultiplier having an S-20 photo-
cathode spectral response, gives a bandpass of about 700 R. Several
methods of incorporating a narrow band interference filter into this
system have been studied. A wide angle plastic doublet lens with an index
of 1.49 and a transmittlance of 75% was sludied wilh a ray trace program
and calculated to collimate the radiation from 50 of the mirror surface
1o within * 3 degrees which would permit tihe uée of a 20 R interference
filter. In view of the qualily of ihe searchlight mirror surface, it is
difficult to attach a grecat deal of significance Lo such calculations,
although the method does show some promise of improving our signal to
noise ratio.

Very recently a 12 inch Cassegrain lelescope sysiem has been made
available for these studies and will permit backscatter measurements to
be carried out witlh very narrow band interference filters,

IVb. Transmitter System

Two lasers have been incorporated into the system in order to provide

measurements at two wavelengths nearly simultaneously. COne of these laser
gll 3"

syslems can be operated with a 4"xi§ ruby rod or a 6"x?; neodymium

rod. The ruby rod is Q-switched with a cryptocyanine-methanol solution

giving an energy output of about 2 joules; the neodymium rod is J-switched
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with Kodak 9740 dye-chlorobenzene solution and ylelds an energy output of
about 0.8 joule. The second laser sysiem conlains a .7"x3" Brewsler angle
ruby rod which is Q-switched by uranyl glass and has an energy output of
about 2 joules. These laser systems when used in conjunction with a
frequency doubling cell of potassium dihydrogen phosphate give us the
capabilily of operating at three usable wavelengths: 0.53 y, 0.6943 y, and
0.3472 y. The neodymium fundamental at 1.06 y will be of 1little use because
of the lack of a suitable photodeclector for this wavelength. Lach laser
is enclosed in a light tight container wilh a monilor and collimator
positioned atl the output., The collimator enables a reduction of the
receiver field of view by reducing the beam divergence by a factor of five.
The collimator consists of negative and positive quariz lenses arranged so
ihat the focal point of the firsti (negative) lens coincides with the focal
point of the second lens. Bolh laser systems are lemperature controlled in
order to prevent detuning into a water vapor absorption line.

To assist in the alignment of the receiver and transmittier, a
telescope has been aligned with the axis of the laser., The back beam of
a gas laser is directed into the ruby or neodymium laser cavity and the
reflected beam is made coincident wiih it. The outputi beam of the gas
laser will therefore indicate the direction of the giant pulse. This
beam is aligned with a telescope mountied on the laser table and once this
alignment is compleled, the telescope is used to align the laser with the
receiver axis. This is accomplished by positioning the image of the moon
on the focal point of the mirror while simultaneously viewing the moon
ithrough the telescope. Final alignment is accomplished by adjusting the
axis of the laser for maximum return,

Soon to be incorporated in the transmiiting system is a high speed
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rotating shutter. A 400 cycle hysieresis synchronous motor will be used
to rolate a balanced aluminum disk at 24,000 rpm. A magnetic pickup
positioned near the disk will provide a pulse 1o trigger the laser. This
pulse will be delayed so that the shutter opening will align itself with
the laser exit porti when the laser Q-swiiches, The shutier is open for
75 4 sec and closes in 78 y sec; therefore, no fluorescence can enter the
receiver after 153  sec (23 km). Below lhis height the scattered laser

pulse signal is much greater than the scaltered fluorescence.
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V. EXPERIMENTAL PESULTS

After the laser is fired, the return signal is measured as a function
of time by a photomultiplier whose output can be displayed with both
logarithmic and linear amplification on a dual beam oscilloscope. If
desired, the gating waveform may replace cne of these oulputl signals. No
altempt has been made at this point in the experiments to count photons.
The bandwidth of the receiving system is limited by a variable gain operational
amplifier and the optical efficiency may be reduced by neutral densitly
filters.

1ypical results are plotied in Figure 6, where Af = 106 cps and a
number iwo neutral density filter was used. Each data sel represents the
return from a single laser transmission normalized ai 15 km to the value
predicted for molecular scatter from the U. S. Standard Atmosphere (1962),
Figure 1 indicates that for Af = 106 cps measurementis can be made to
about 28-35 km., These values are realized experimentally as shown in Figure 6.
Returns from higher altitudes (~ 40 km) have been measured, bul drift in the
d. c. level of the leogarithmic amplifier makes them uncertain, Most of
our measuremenis show an enhancement in the scattering profile near 20 km

(14)’(25), and the

in agreemeni wiih the results of other investigators
return above 30 km shows close agreement with Rayleigh Theory.

A number of interesting meteorological phenomena in ithe lower atmosphere
are evident in many records, Figure 7 is an example of this. T7The top trace

is a logarithmic display of the return while the bottom trace is a low

sensitivity linear display. 7The enhancemeni evident at 12 km is a factor
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of 10 greater than the clear air return from ihis height. The echo is
probably produced by a cirrus cloud. In addition, this record shows an
aerosol slructure centered at 3 km which is probably an altocumulus cloud.
A region of high return is also evident in Figure 8 ai about 10.5 km.
The shape of the relurn is 1ypical of many records obtained. 1If tihe
region of high aerosol concentration represents a cirrus cloud, a
qualitative explanation of the structure of the return can be given:

the values of the single particle intensity function for a given index
of refraction show large fluctuations as a function of particle radius.
The partlicles in the extremities of a cloud may have sizes which tend

to scatter the incident radiation more effectively. Alternatively,
cirrus clouds might be made up of ice needles oriented so that scatter

or attenuation would be stronger in various parts of the cloud. Finally,
different size crysial aggregates would change the scattering properties
within a given cloud.

Shown in IFigures 9a and 9b is an example of the three-dimensional
mapping of the aerosol structure which can be made with optical radar.
Figure 9a shows the return for 90o elevation while Figure 9b shows the
return for an elevation angle of 310 reccrded one minute later. These
records were made about thirty minutes before the passage of a cold
front, and indicate an aerosol concentiration near 2.0 km, The record
made at the lower elevation angle indicates that the effect is real since
at lower elevation angles the peak moves out in time and broadens.

An example of the repeatability of the results is given in Figure 10.
In this case the laser was made to multi-pulse and return from two laser
iransmissions are shown. Three enhancements appearing at 10 u sec,

33 u sec, and 46 u sec afler the laser pulse are shown. Each laser trans-
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mission shows the same stiructure and yields comparable values for the Eeturn
as a funclion of height (laking lhe pulse energy into consideration).

The results given here should be regarded as preliminary and are
indicative of ihe promise that optical radar holds for studies of the

atmosphere.
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APPENDIX

Mie Scattering Intensity Funclions for Backscatter

The scattered intensily for vertically polarized light incident on a

sphere of radius r is given as

i
1= I ,
kzzz o
where
]o = the intensity of the incident wave
i = the scattered intensity function
2m
k = T the free-space propagation conslant
A = the wavelength of the incident 1light
and z = lhe distance from scatterer to observer.

The scattered intensity function is given as
i= /S/2 = S*§5,
; . . . (32)
where S is given from Mie theory (cf. Deirmendjian ).

The value of the intensity function i1 which is proportional to the
intensity of the light backscattiered per unit solid angle, for v = .05(.01)2,
2(.1)80 and T = 1.5, is listed in the following table. An IBM 1620 computer
was used for these calculations. The scattering coefficients, a. and bm,

were terminated when /am/ and /bm/ < 10—8.
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TABLE OF INTENSITY FUNCTIONS FOR BACKSCATTTER (ﬂ=1.5)

ALPHA NOe. OF TERMS I
«05 2 «13502860E~-08
+06 2 «40301477E=-08
«07 3 «10157209E=-07
«08 3 022618487E-07
«09 3 «45822702E~07
10 3 «B6157357E~07
ol1 3 «15250345E-06
012 3 e25680676E~06
13 3 0 41470445E=-06
ol4 3 «64620508E~-06
15 3 e 97642091E-06
16 3 «14363499E-05
«17 3 «20637079E-05
18 3 ¢29038031E-~-05
l9 3 «40104589E~-05
20 3 e54469735E~05
21 3 «72871267E-05
22 3 «96162074E-05
«23 4 ¢12532092E~04
024 4 ¢16146344E~04
25 4 «20585336E~04
26 4 ¢25991400E~04
27 4 ¢32524005E-04
«28 4 ¢40360930E~04
«29 4 ¢496994T73E~04
«30 4 «6075T7638BE~-04
«31 4 ¢ 73775359E-04
«32 4 «89015691E-04
33 4 «10676602E-03
«34 4 «12733921E-03
¢35 4 ¢15107486E~-03
«36 4 «17834028E-03
«37 4 ¢20953179E~03
«38 4 #24507570E~-03
39 4 «28542925E~-03
«40 4 «33108190E-03
e4l 4 ©38255586E~03
42 4 #440640710E-03
«43 4 ¢50522656E-03
b4l 4 ¢57763994E~03
«45 4 «65830909E-03
o446 4 e T74793247E-03
47 4 «84724503E-03
«48 4 ¢95701915E-03
49 4 «10780642E-02
«50 4 012112274E-02
51 5 ¢13573926E~02
52 5 ¢15174807E-02
«53 5 016924494E-02
54 5 «18832922E-02
«55 5 «20910375E-02
«56 5 ¢23167475E=-02
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ALPHA

«57
«58
59
«60
61
62
«63
64
«65
66
«67
«68
«69
70
o71
72
«73
o 74
«75
76
77
78
«79
«80
81
«82
«83
«84
«85
«86
«87
«88
«89
«90
91
92
93
94
«95
96
97
«98
«99
1.00
1.01
1,02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.10
le1l1

NO. OF TERMS

o~oo~o~o~0~o~o~o~o~o~0\0oa\o0~a~o~o~a~o«oo~\n\n\nmm\num\n\nm\nmmm\nmmmmm\nm\:\\nmmmm\n\n

¢25615177E~-02
«28264T48E~02
«31127748E-02
¢34216017E-02
e37541648E~02
¢41116968E-02
0 44954498E-02
«49066939E-02
«53467125E-02
¢58167990E-02
«63182532E-02
«68523766E-02
e 742046T1E~02
«80238155E-~02
+86636985E~02
¢93413736E-02
«10058073E~01
«10815000E-01
«11613312E~-01
¢12454136E-01
«13338521E~01
«14267480E-01
¢15241941E-01
«16262760E-01
¢17330713E=01
e18446461E-01
¢19610579E~01
¢20823526E-01
#22085620E-01
¢23397068E-01
¢24757922E-01
«26168077E-01
e27627266E-01
¢29135068E~01
«30690838E-01
¢32293776E-01
¢33942860E-01
¢35636860E~01
¢37374332E~01
¢39153596E-01
e40972743E-01
e42829588E-01
e44721763E-01
046646578E-01
«48601114E-01
«50582187E~-01
¢52586342E-01
«54609843E~01
«56648712E~01
«58698B690E-01
«60755221E~01
«62813563E~01
«64868641E-01
e66915175E~01
068947622E~01



ALPHA

lel2
1,13
lelé
le15
l.16
lel?7
l.18
le19
1,20
1,21
1,22
le23
le24
125
le26
1627
l.28
1.29
130
1.31
le32
1433
le34
135
l1.36
l.37
1.38
139
140
le4l
le42
le43
leb4
le45
le4é
le47
le48
l.49
1.50
l.51
1,52
153
le54
155
1.56
1657
1.58
159
160
l.61
1462
1463
leb4
165
l.66

NO.

OF TERMS

L1

NN SNNNANNANANANNSN AN AN AN AN AN N NN ANN NN NN NN NS AN N OO RO TROOOD O

¢ 70960231E-01
e 72947019E-01
¢74901798E-01
«76818217E-01
»78689736E~01
+80509689E-01'
+82271238E=01
¢83967503E~01
«85591503E~-01
¢87136221E~01
«88594603E~01
¢89959679E~01
~91224430E-01
¢92382044E-01
«93425753E~-01
¢94348999E~-01
e95145448E~01
«95809025E~-01
¢96333908E~-01
¢96714720E-01
¢ 96946428E-01
¢97024482E-01
«96944829E~-01
»96704012E-01
¢96299156E-01
+95728070E-01
¢94989351E~-01
«94082343E-01
¢93007242E-01
¢91765189E~01
«90358253E~01
«88789597E~-01
eB87063421E-01
«85185085E-01
«83161176E-01
¢ 809994 79E~01
¢ 78709132E-01
¢ 76300602E~01
«73785752E~01
«71177864E-01
«68491697E~01
e65743450E~01
e62950872E~01
«60133149E-~01
¢57311021E~01
«54506660E-01
¢51743703E~-01
«49047201E-01
¢4 644349 TE~01
#43960230E-01
¢41626218E~01
¢39471271E-01
¢37526133E-~01
¢35822334E~01
034391914E-01



ALPHA

le67
1468
l.69
1l.70
le71
le72
1,73
le74
175
1.76
le77
le78
le79
1.80
1.81
1.82
1.83
1.84
l1.85
1.86
1.87
1.88
1.89
1.90
l.91
1.92
1.93
1«94
1.95
1.96
1.96
1.97
1.98
1.99
2400
210
220
2430
2440
250
260
2470
280
290
3.00
3410
3.20
3430
3440
3450
3.60
3,70
3,80
2490
4,00
4410

NO.

OF TERMS

\0 WO VOV O O 0o o0 00 0O 0O D CO OO GO 00 OO OO 0 00 0 ~d ~d =d ~d ~d ~J =~d ~ ~) ~J ~d 3~~~

Rl e el el Rl Il
HEFPFHEHRROOOOQOO

=
no

©33267348E~-01
©32481233E-01
¢32066110E«01
«32054158E-01
«32476962E-01
¢33365220E-01
«34T48439E-01
«36654646E~-01
«39110049E-01
«42138820E-01
e45762748E~01
¢50000909E-01
«54869535E-01
«60381671E-01
«66547024E~01
+73371743E=01
«80858400E~01
«89005804E-01
«97808847E~01
¢10725883E+00
¢11734319E+00
«1280457TE+00
«13934691E+00
«15122367E+00
«16364992E+00
¢17659683E+00
«19003289E+00
0+20392446E+00
«21823587E+00
«23292989E+00
+23292989E+00
«24T796B06E+00
«26331090E400
«27891833E400
¢29474993E+00
«45670752E+00
¢60066344E+00
«69661886E+00
¢ 71720048E+00
«64653164E+00
«51468397E+00
042340074E400
¢49196896E+00
«76350889E+00
#12024007E+01
«17489185E+01
©23268425E+01
«27926815E+01
¢29123056E+01
025534421E+01
¢19710983E+01
«16145081E+01
«17487196E+01
02475T4T79E+01
«3B763291E+01
«59065156E+01



ALPHA

4620
4430
4440
4450
4460
4470
4480
4490
500
5410
520
5430
5440
5450
5460
570
5.80
590
6.00
6.10
6420
6430
6640
6.50
6.60
670
6.80
6.90
7.00
7610
7.20
7630
7e40
Te50
7460
770
7480
790
8.00
810
8,20
8430
8440
8450
8460
8470
8.80
8.90
9,00
9.10
9.20
9430
940
9450
9.60

NO.

OF TERMS

12
12
12
12
12
12
12
13

e79164068E+01
«85783073E+01
¢« 75030883E+01
«58236767E+01
¢46135161E+01
¢43852417E+01
«55818754E+01
+88263203E+01
e13774256E+02
«17297874E402
¢17205956E+02
«15128195E+02
e13078473E+02
¢12142477E+02
«13090934E+02
e16762583E+02
02225B469E+02
e25349429E+02
«25118504E+402
¢23848810E+02
e23457079E+02
¢25613627E+02
«32132213E+4+02
04 2704926E+02
«45817357E+02
e37075923E+02
«29067260E+02
e25120175E+02
e25691364E+02
«33489304E+02
+55090779E+02
¢90141331E+02
«90661177E+02
«62508313E+02
«38983666E+02
+25278834E+02
¢22521615E+02
«33505332E+02
e 74093851E402
«13780711E+03
e12766249E+03
¢94845903E+02
+59092571E+02
¢34657T784E+02
¢31306858E+402
eS0T45064E+02
211866608E+03
«15205032E+03
¢12599865E+03
¢10734804E+03
e 66TL6E654E+02
042394478E+02
«53508154E+02
«11102509E+03
«21456061E+03



ALPHA NOe« OF TERMS 1

9.70 19 ¢13431643E+03
9.80 19 «10977279E+03
990 19 e90659299E+02
10.00 20 ¢423T6588E+02
10410 20 ¢32191585E+02
1020 20 ¢67552649E+02
1030 : 20 »21880927E+03
10440 20 ¢22397408E+03
10.50 20 +13921510E+03
10.60 20 «12594854E4+03
10.70 21 ¢61581015E+02
10.80 21 #13248550E+02
10490 : 21 #23505195E+02
11.00 21 «86074993E+02
11.10 21 «30866752E+03
11.20 21 ¢15023294E+03
11.30 21 «15738015E+03
11.40 21 ¢16400932E+03
11.50 22 303944 28E+02
11.60 22 ¢21231568E+02
11.70 22 ¢54247465E+02
11.80 22 «21885917E+03
11.90 22 «11579256E+03
12.00 22 +91012872E+02
12.10 22 «15285382E+03
12.20 22 ¢13794737E+03
12.30 23 «16209953E+02
12440 23 ¢46962345E+02
1250 23 +13390631E+03
12460 23 «20988002E+03
12.70 23 #56320926E+02
1280 23 e 76212952E402
12.90 23 «14699098E+03
13,00 23 022667992E+02
134,10 24 ¢12540805E+402
13.20 24 ¢52925238E+Q2
13.30 24 ¢41163792E+03
13440 24 «65575668E+02
13450 24 ¢75012132E+02
13460 24 ¢11595663E+03
13470 24 #94856110E+02
13,80 24 ¢35482524E401
1390 25 «17089495E+02
14.00 25 ¢ 90498632E+02
14,10 25 ¢53989723E+02
14,20 25 «39677485E+402
14430 25 «80492169E+02
14440 25 «19290860E+03
144,50 25 «10217190E+01
14.60 25 ¢ 25973989E+02
14,70 26 «47890618E+02
14.80 26 ¢80104342E+02
14490 26 «48137922E+01
15.00 26 ¢16358531E+02
15.10 26 0 68982464E+02

Ly



ALPHA

15.20
15.30
15440
15.50
15.60
15.70
15.80
15490
16,00
16410
16420
16430
16440
16450
16460
16470
16480
16,90
17.00
17.10
17.20
1730
17440
17.50
17460
17.70
17.80
17.90
18,00
184,10
18420
18430
18440
18,50
18.60
18.70
18.80
18490
19.00
19,10
19.20
19430
19440
19450
19.60
19.70
19.80
19.90
20,00
20410
20.20
20430
20440
20450
20,60

NO.

OF TERMS

26
26

e71771138E+02
e14017559E+402
«30028225E+02
¢39587126E+03
e42658130E+01
¢96622746E+01
«17343174E+02
#16335753E403
¢ 76351473E+00
¢ 84364673E+01
¢32300730E+02
«15790698E+02
«55238319E+01
©14962026E+02
«47881435E+02
¢18240927E+02
«38784182E+01
e 2725584 9E+01
«56487664E+02
«16150537€E+02
«48386316E+01
¢16740800E+02
«45894860E+02
«16087004E+02
«19705469E+02
«10411957E+03
¢33708388E+02
¢24157562E+02
¢96002197E+01
¢29660771E+03
¢18652911E+01
«51201140E+02
e 72970969E+03
¢63079310E+02
¢29923285E+02
«16832878E+02
e 74800711E+01
«15070950E+02
¢83167369E+01
¢12339733E+03
«22558680E+03
«14181306E+03
«5642T7725E+02
¢65559994E+02
«14143381E+02
#39511699E+00
04 4426891E+02
024419204E+03
«29961587E+03
¢23375773E+03
¢11596857E+03
«51086411E4+02
e 77783993E+01
©39435]190E+02
»20708992E+403



ALPHA

20470
20.80
20.90
21.00
21.10
21.20
21.30
21440
21.50
21.60
2170
21.80
21.90
22400
22410
22420
22430
22.40
22450
2260
22470
22.80
22490
23.00
23.10
23,20
23630
23,40
23450
23460
23470
23.80
23.90
244,00
24410
244,20
24430
24440
24450
24460
2470
24.80
2490
25400
25010
25420
25430
25440
25450
25460
25470
25480
25490
26400
2610

NO,.

OF TERMS

33
33
33
33
33
34
34
34
34
34
34
34
34
35
35
35
35
35
35
35
35
35
36
36
36
36
36
36
36
36
37
37
37
37
37
37
37
37
37
38
38
38
38
38
38
38
38
39
39
39
39
39
39
39
39

46

¢31472683E+03
¢29988998E+03
«24928963E+03
+50042130E+03
«59572135E+02
¢31724385E+02
¢13505764E+03
¢56071263E+03
¢41517654E+03
«31664792E+03
¢21105834E+03
«83135332E+02
¢37421848E+02
¢34624408E+02
«38928791E+03
«71075433E+03
«58799865E+03
«45489568E+03
«12788653E+03
+33418703E+02
«25035181E+02
«68105555E+02
«71872929E+03
+60788941E+03
«74105903E+03
«48540975E+03
«14733266E+03
+94460027E+02
«60489955E+02
+50021652E+03
¢55324687E+03
«48993209E+03
+70769978E+03
«34508996E+03
«15484995E+03
«12589473E+03
«16681242E+03
¢11042650E+04
¢50929140E+03
«55436618E+03
¢56456620E403
¢12793942E+03
¢10995013E+03
«97565380E402
+64129920E+03
¢71510744E+03
+57896730E+03
+97986898E+03
+26307044E+03
+10422710E+03
«98209016E+02
«84224308E+02
+85839036E+03
«41076072E+03
«65722298E+03



ALPHA

26620
26430
26440
26450
26460
26470
26.80
2690
2700
2710
27620
2730
2740
2750
2760
2770
2780
2790
28.00
28.10
28420
28430
28640
28450
28660
2870
28.80
28490
29.00
29010
29420
29.30
29440
2950
2960
29470
29.80
29.90
30.00
30610
30420
30430

3050
30,60
30.70
30.80
3090
31.00
31.10
31.20
31.30
31440
31.50
31460

NO.

OF TERMS

39
40
40
40
40
40
40
40
40
41
41
41
41
4]
41
41
41
41
42
42
42
42
42
42
42
42
43
43
43
43
43
43
43
43
43
44
44
4y
44
44
44
44

¢11643437E+04
¢21514097E+03
¢26356532E+03
¢18736771E+03
¢11766814E+04
¢31008069E+03
«30183229E+03
«eB0O957045E+03
«32909977E+03
«26796353E+03
«37816278E+03
e27238377E+03
¢95838445E403
e35752008E+03
e45174177E+03
¢10423826E+04
«10113998E+03
¢28992273E+03
«29300431E+03
«18024424E+04
04 6998204E+03
e45115214E+03
e 97440752E+03
«13080587E+03
¢32351656E+03
¢38569725E+03
¢22539190E+03
«39775070E+03
«27857527E+03
«43848120E+03
+12002333E+04
*+31616737E+03
«73103526E+03
«52928538E+03
e56141408E+03
«21045325E+03
¢19079271E+03
e66274303E+03
¢97042389E+02
«48134430E+03
e92703663E+03
e32562261E+04
«46045826E+03
«27089253E403
¢36912540E+03
¢85464601E+02
«22141586E+03
«70473577E+03
¢66682203E+03
¢71004655E+03
«34466540E+03
«32982308E+03
«13420407E+04
«25705065E+03
e 6B42668B1E+03



ALPHA

31470
31.80
31.90
32400
32.10
32.20
32,30
32.40
32.50
32.60
32470
32.80
32.90
33.00
33.10
33,20
33430
33440
33450
33.60
33,70
33280
33490
344,00
34410
34620
34430
34440
344,50
34460
34,70
34480
34490
35,00
35.10
3520
35430
35440
35,50
35.60
35,70
35.80
35.90
36.00
36.10
366,20
3630
36440
36450
36460
36.70
36.80
364,90
37.00
37610

NO.

OF TERMS

46
46
46
46
46
47
47
47
47
47
47
41
47
47
48
48
48
48
48
48
48
48
48
49
49
49
49
49
49
49
49
50
50
50
50
50
50
50
50
50
51
51
51
51
51
51
51
51
52
52
52
52
52
52
52

48

«10583144E+04
«85128571E+03
«32095278E+03
«148408B36E+03
«31189896E+03
012924743E+03
«45625785E+03
+13863371E+04
¢32693316E+04
«58370811E+03
«13564858E+03
«88448309E+02
«13727063E+03
«15062819E+03
«56453732E+03
«1737945TE4+04
«12225815E+04
«54226768E+03
¢12445739E+03
e 40638663E+03
«17003675E+403
«31002897E+03
«10887299E+04
«13088577E+04
¢85240229E+403
«36075199E+03
+13249310E+03
«15660085E+03
«36171448E+03
e 74481631E+03
¢18357457E+04
e71669091E+03
«49718401E+03
«91897598E+02
«10193976E+02
¢16769924E+03
¢35699423E+03
«19624538E+04
«12901977E+04
e 66465514E+03
«26T67966E+03
+15923546E402
«67977252E+02
«11225315E+03
«33583784E+03
020436402E+04
«79948182E+03
¢ 79260618E+03
«10187172E+03
¢94797110E4+02
«20117859E+03
¢20170737E+03
¢ 79087922E+03
«60450420E+03
e46263217E+03



ALPHA

37420
3730
3740
3750
3760
37470
3780
3790
38,00
38,10
38.20
3830
38440
38450
38460
38470
38480
38490
39,00
39,10
39420
39430
39.40
39450
39460
39470
39.80
39490
4000
40410
40420
40630
40440
40450
40660
40470
40480
40490
41400
41410
41420
41430
41440
41450
41460
414,70
41480
41490
424,00
42410
4220
4230
42440
42450
42460

NO.

OF TERMS

52
52
53
53
53
53
53
53
53
53

«80657525E+03
e33265546E+02
«13515200E+03
«22485501E+03
#30511451E+03
¢15234001E+04
«18098063E+03
«32369719E+03
¢13174137E4+04
«23536015E+02
«75206393E402
«99249123E+03
e 76162530E+03
¢33B859893E+03
023859457E+03
e55685281E+03
¢19763446E+03
e6T696935E+02
«17512245E+02
«10496304E+4+02
«99018557E+03
«14088068E+03
¢36618878E+03
e64853179E403
«83918340E+02
«10064538E+03
«13354987E+01
e41342935E403
«91319859E+02
«35084801E+02
«54888891E+03
¢ 17995580E+03
«50312551E+02
¢12927818E+03
«18365916E+01
«23828335E+03
e25157622E+02
«42520502E+01
«14145119E+04
«67958641E+02
«84548532E+402
e26016635E+03
¢ 724128 73E+03
¢91666641E+02
«28504703E+01
«21001575E+03
«29380068E+03
¢53975260E+02
¢21030572E+03
«30561548E+03
«76846005E+03
¢15683816E+03
«36094554E+02
«13654653E+04
¢19844692E+02



ALPHA

42470
42.80
42490
43,00
43410
43420
43430
43440
43450
43460
43470
434,80
43,90
44400
44,10
44420
44430
44440
44450
44460
44,70
44480
44490
45,00
454,10
454,20
45430
454,40
45450
45¢60
45,70
45,80
45490
46400
46,10
46420
46430
46440
46450
46460
46470
46480
46490
47,00
47410
47420
47430
47440
47.50
47460
47.70
47480
47490
48400
48410

NO,

OF TERMS

59
59
59
59
59
60
60
60
60
60
60
60
61
61
61
61
61
61
61
61
62
62
62
62
62
62
62
62
63
63
63
63
63
63
63
63
64
64
64
64
64
64
64
65
65
65
65
65
65
65
65
66
66
66
66

50

e12656770E+03
«39430416E+03
»17939564E+04
e65967890E+03
220521977E+03
024675639E+03
+16558818E+03
e42184121E402
«76271658E+03
¢37452926E+03
e86340594E+03
«41565553E+03
+88040792E+402
e12636466E+04
«10627308E+03
022146304E+03
«15433053E+04
¢21609190E+04
+83263478E+03
¢16680044E+03
«18767295E+03
«13706050E+03
¢66417758E+01
«84262011E+03
¢42131900E+04
«22981050E+04
«96623802E+03
«17419325E+03
e26631444E+03
«34688827E+02
«20941803E+03
«14881501E+04
022406225E+04
«20272525E+04
+80386039E+03
¢245396T2E+04
«32393590E+03
+15387912E+03
«16964161E+04
«26211096E+04
¢20939323E+04
e12229490E+04
¢28661979E+03
«39589670E+03
e36614503E+03
«21376831E+03
¢26933250E+04
e 2797376 TE+04
«25261072E+04
+56778519E+403
«39876068E+03
«23189181E+03
«15378680E+03
«12513857E+04
«26604480E+04



ALPHA

48020
48430
48 e40
48450
48460
48070
48480
48490
49,00
49610
49420
4930
49440
494,50
49460
49,70
494,80
49,90
50400

NASA-Langley, 1967 —— 13
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NOe«

OF TERMS

66
66
64
64
64
64
- 64
65
65
65
65
65
65
65
65
66
66
66
66

51

«32591440E+04
«24037596E+04
«56009979E+03
¢4345T7TTT0E+03
«44207736E+03
«15375385E+03
«27969538E+04
e17927601E+04
#33942426E+04
©12844596E+04
«57556912E+03
«98560042E+03
«71462972E+03
«42410267E+04
«19589380E+04
»20591544E+04
«24199168E+04
0 64625798BE+03
«50265475E+03



